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This paper discusses the uncertainties that exist in estimating the remaining ultimately recoverable
resources of oil globally including the reasons for these and, where possible, how they may be mitigated,
resolved, or reduced in future assessments. The encompassing and ambiguous terms ‘conventional oil’
and ‘unconventional oil’ are disaggregated into the numerous categories of oil that exist within each.
These categories are investigated individually in order to identify the speciﬁc uncertainties by which they
are inﬂuenced and affected. A key ﬁnding is that there are intrinsic uncertainties within every category of
oil. Future assessments of global oil resources and projections of oil production should hence
acknowledge these issues, explain or assess the effects that they have on results, and present ranges in
any estimates produced or provided. An initial estimate is made of the technically recoverable resources
of the light tight oil often called ‘shale oil’: oil found in low permeability shale formations requiring
stimulation to be extracted. These resources are estimated to range on a global scale between 150 and
508 billion barrels with a central estimate of 278 billion barrels.
 2012 Elsevier Ltd. Open access under CC BY license.1. Introduction
A signiﬁcant body of work has previously been carried out
producing estimates of the remaining recoverable volume of global
oil resources. This is a contentious area, however, with analysis on
the future availability of oil often simplistically categorised into
‘optimistic’ and ‘pessimistic’ viewpoints. While this dichotomy
tends both to overlook the range of views that exist between the
extremes, and to lead to the dismissal of analyses made by many
parties investigating the area, there are numerous technical and
objective factors underlying much of this debate including: current
and future ﬂow rates, OPEC strategies, the decline in existing ﬁeld
production, the nature of the ‘peak’, and the role of technology.
Estimates of remaining recoverable oil resources are another key
aspect and are particularly important for medium and long term
projections of oil consumption and production.
Numerous such estimates have beenmade (see [1] for example),
yet the rangeof estimatesmade evenwithin thepast fewyears,most
of which consider only a part of the global endowment of all oil,
remains large. The disagreements and uncertainty over this key
feature arise for a number of reasons and vary according to the types
or categories1 of oil investigated (as well as the party which has
produced the estimate), yet these are rarely addressed or discussed.986.
uish between the individual
global resource base.
 license.Many models of future oil production for example focus on
production and ﬂow rates of oil in the short to medium term and
hence provide or use single ﬁgures only for the ultimately recov-
erable resources (see below) of a region or globally [1]. They often
consider only one type of oil, do not comment on the uncertainties
that exist in undertaking resource estimates, and do not discuss
error margins or conﬁdence intervals in their future projections.
One recent encompassing review of both conventional and
unconventional resources was undertaken in [2] for example but,
as with all of the oil production forecasts reviewed in [3], the
numerous uncertainties that are present in producing such esti-
mates were not considered.
The uncertainties present in some categories of oil have been
investigated by others: for example, the range of opinions in
reserve estimates been examined [4], and the uncertainties in
components that form the economically recoverable resources of
Canadian natural bitumen analysed [5]. A comprehensive review
looking at all categories has not been undertaken however.
There has therefore been an absence of methodical research into
the uncertainties and disagreements that exist in producing esti-
mates of the global endowment of oil, which critically appraises
both the pessimist’s and optimist’s positions, which considers all
categories and types of oil, and which attempts to understand why
such uncertainties exist. This papers seeks to address this absence
and, where possible, discuss how these uncertainties may be
mitigated, resolved, or reduced in future assessments.
This paper is set as follows: Section 2 ﬁrst examines the various
deﬁnitions and components of ‘oil’, as well as explaining the
4 Lease condensate is a mixture of hydrocarbons consisting of all compounds
heavier than butane (C4H10) recovered as a liquid at surface temperature and
pressure from associated (gas produced alongside crude oil in oil ﬁelds) or non-
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provide. Section 3 discusses the uncertainties that exist in
producing or generating estimates of conventional oils both
collectively and when analysing individual categories, with
Section 3.6 providing an overview of the newest category of
conventional oil: light tight oil. Section 4 discusses the uncer-
tainties in estimates of unconventional oil resources, while Section
5 concludes.
2. Crude oil categorisation
The ﬁrst uncertainty that arises when discussing the availability
of oil is through the use of inconsistent terms, in particular the
terms ‘oil’ and ‘resource’. Both of these can be sub-divided in
different ways, and so a problem that frequently occurs is the use of
identical terms when authors are in fact referring to entirely
different aspects.
2.1. Oil
The major distinction made with oil is between ‘conventional
oil’, ‘unconventional oil’ and ‘unconventional liquids’. The precise
distinction between these varies by author, but it is generally
agreed that conventional oil is the more easily accessible, and
therefore usually cheaper, oil. Unconventional oil on the other hand
encompasses oil that is difﬁcult to extract, requiring novel or
‘unconventional’ production technologies, and is usually more
expensive. Unconventional liquids are those liquids hydrocarbons
that can be produced synthetically using Fischer-Tropsch tech-
niques, such as coal-to-liquids, gas-to-liquids and biofuels.
Unconventional liquids are not discussed in this paper.
While some authors indicate that oil should be categorised on
the basis of production technique [6], others focus purely on the
properties of the oil that is produced [1]. The former of these
does not appear as useful however, as cheaper or alternative
technologies could act to shift some categories of oil from
unconventional to conventional, making the distinction some-
what subjective and ﬂuid.
On the basis of the properties of the oil, sources agree that
unconventional oil includes extra-heavy oil, natural bitumen and
kerogen oil [7e10]. Extra-heavy oil is a subset of crude oil and is
deﬁned as oil with density <10 API2 and viscosity <10,000
centipoise (cP).3 Natural bitumen is a low quality grade of oil
with density <10 API and viscosity >10,000 cP that has been
broken down through biodegredation [12]. Kerogen oil is the
term we use to refer to oil produced through the destructive
distillation of organic chemical compounds found in ﬁne-grained
sedimentary rocks, particularly mudstone or shale [13]. Some
analysts [13] refer to the sedimentary rocks containing the
kerogen as ‘oil shale’ and the synthetic oil that can be produced
from it as ‘shale oil’. This terminology leads to considerable
confusion however, as ‘shale oil’ is now also used to refer to the
much higher quality (lower density) oil found in low perme-
ability shale formations requiring stimulation (such as hydraulic
fracturing) in order to ﬂow. To avoid such confusion, we prefer
the terms ‘kerogen oil’ for the low quality kerogen found in
mudstone, ‘upgraded kerogen oil’ for the synthetic oil that can be
produced from this, and ‘light tight oil’ to refer to the oil found in
low permeability shale formations.2 Crude oil is often classiﬁed by its density using the American Petroleum Index
(‘API’) scale, deﬁned as: degrees API ¼ (141.5/speciﬁc gravity at 60 F) e 131.5 [11].
3 A centipoise is one hundredth of a poise (P), a non-SI unit for dynamic viscosity.
Water has a viscosity of 1 cP at 20 C.Conventional oil is generally accepted to include crude oil >20
API and ‘lease condensate’,4 however uncertainty exists over the
inclusion of Natural Gas Liquids (NGL),5 and heavy (1020 API) oil
in the conventional oil category.
NGL is sometimes combined with conventional oil and some-
times reported separately, for example by the United States
Geological Survey (‘USGS’) 2000World Petroleum Assessment [14].
NGL is mainly used as a petrochemical feedstock and not in
transport, but nevertheless removes the need for other types of oil
to be used in such a way. For this reason, it has been stated that ‘It’s
all oil from a supply/demand perspective’ [15]. We therefore prefer to
consider NGL as conventional oil.
Regarding the classiﬁcation of heavy oil, Rempel from the
German Federal Institute for Geosciences and Natural Resources
(‘BGR’) reported that BGR formerly counted heavy oil as uncon-
ventional but in one of its most recent reports [8] included it in
conventional oil, adding that this is somewhat of a ‘grey area’
(priv.communication). The majority of extra-heavy oil is found in
Venezuela and requires some upgrading to be used in most sectors
and so it is reasonable to assume that it will always be ‘uncon-
ventional’. The 10 API boundary between extra-heavy and heavy
oil >10 API would therefore seem to be the most logical cut-off
between conventional and unconventional oil.
One of the most reasonable deﬁnitions therefore appears to be
those used by [1] whereby conventional oil includes NGL,
condensate and any crude oil >10 API not including kerogen oil or
natural bitumen. No distinction is made whether the oil is found in
deepwater or polar conditions or not. Two additional distinctions
could be useful however. The term ‘conventional crude oil’, which is
solely crude oil >10 API and excludes condensate, NGL and all
unconventional liquids, would avoid any confusion over the use of
the term ‘crude oil’. It is also useful to state explicitly that light tight
oil and Arctic oil are conventional oil, removing any ambiguity over
whether the method of production affects the classiﬁcations being
used.2.2. Deﬁnitions of resources
When reporting volumes of oil, the largest ﬁgure that can be
given is the initial or original oil in place (‘OOIP’); this is the total
volume of oil (either conventional or unconventional) that is esti-
mated to be present in a given ﬁeld, area or region. This ﬁgure only
conveys part of the necessary information to estimate recoverable
resources however. The fraction of the OOIP that is estimated to be
recoverable - the recovery factor - is equally important and can vary
substantially depending on the geological conditions, technology
used and prevailing oil prices.
The ultimately recoverable resource (‘URR’) of a ﬁeld or region is
the sum of all oil that is expected to be recovered from that ﬁeld or
region over all time. This ﬁgure includes any oil that is estimated to
be undiscovered, is not recoverablewith current technology, and/or
is not currently economic but which is expected to become so
before production ceases. It is argued that URR is only an estimate of
the total volume of oil recoverable and could change with varying
technology, economics and knowledge [16], however URR shouldassociated (gas produced from gas ﬁelds) natural gas ﬁelds and extracted before the
gas is transported downstream.
5 NGLs are hydrocarbons extracted from associated or non-associated natural gas
ﬁelds that are found either as a liquid at surface temperature and pressure or can
easily be converted to liquids downstream. Condensate is a sub-set of NGL con-
sisting of those compounds that are extracted as liquids at the well-head.
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developments, changes in market conditions and/or exploration
effort; this is possible by considering the contribution from reserve
growth (Section 3.3) and the application of new technologies to the
unconventional oils (Section 4).
If cumulative production to date, in general a well accepted
ﬁgure, is subtracted from the estimated URR, the residual is
referred to as the remaining ultimately recoverable resources
(‘RURR’). Two alternative ﬁgures sometimes reported are the
technically recoverable resources (‘TRR’): the fraction of the oil in
place that is estimated to be recoverable only with current tech-
nology, and the economically recoverable resources (‘ERR’): oil
considered to be both currently technically and economically
recoverable.
The ﬁnal subset of resources is reserves. These terms are often
used synonymously when discussing volumes of oil that are esti-
mated to exist, however they are quite distinct as discussed in
Section 3.2 below.
In this paper we look at the uncertainties that exist in deter-
mining the remaining URR, since the TRR and ERR will, by deﬁni-
tion, change with time and markets while the URR should be
stationary over time. Carefully clarifying the deﬁnitions of
conventional and unconventional oil, and the resources that are
being described, is important not only so that analysts can be
certain of the types of oil being discussed, but also because the
uncertainties affecting resource estimates are speciﬁc to the cate-
gories of oil being analysed.3. Conventional oil
In this section we analyse the uncertainties that exist in esti-
mating the remaining ultimately recoverable resources of
conventional oil by examining the categories that it encompasses:
reserves, reserve growth, undiscovered oil, Arctic oil, and light tight
oil. Firstly however we consider those methods used by some
authors to generate estimates of conventional oil without any
disaggregation.6 P90 (1P) estimates are then interpreted as the volume of oil production that is
estimated to have a 90% probability of being exceeded by the time production
ceases. Similarly, P50 (2P) and P10 (3P) estimates refer to volumes of oil production
that are estimated to have a 50% and 10% probability respectively of being exceeded.3.1. Determination of resources from existing ﬁeld data
One of the most frequently used methods for generating
aggregate resource estimates of conventional oil is through ﬁtting
curves from existing production, discovery or ﬁeld data. While
these do give estimates of the URR of conventional oil on a country
or regional basis, they have been criticised for a number of reasons
(see [17] for example) including:
 the ﬁtting of functional forms to data has no real theoretical
basis and there is no consensus view onwhich functional form
is most appropriate to use. They are also not statistically robust,
with frequent serial correlation of error terms and missing
variables;
 the data used is often incomplete or inaccurate and so they are
generally applied to aggregate regions that are too large and
not geologically similar;
 they cannot take account of technological change, so future
reserve growth, which has no generally accepted consistent
and accurate future form, must be separately incorporated; and
 the various procedures and techniques that can be used often
produce vastly different results and so they can be very
misleading. Two procedures, both with an R2 value of 0.999
would for example be expected to be excellent models for data,
yet can give URR estimates that differ by 30%: both cannot
therefore be right.An alternative approach is through the use of discovery process
modelling procedures, which are models that describe how the
discovery process will develop over time. These also have many
limitations including their failure to anticipate future discovery
cycles if applied to regions that are too large and their need for
assumptions about future reserve growth [18]. These methods can
be contrasted with the more widely used geological methods that
are generally employed for regions that are relatively unexplored.
Errors and uncertainties also exist in these assessments however
with Hubbert [19] remarking that ‘it is easy to show that no
geological information exists other than that provided by drill-
ing.that has a range of uncertainty of less than several orders of
magnitude’. Expert assessment, often required when interpreting
geological data, can also be very subjective and/or affected by social
inﬂuences.3.2. Reserves
As discussed above, reserves are only one subset of resources
and while the exact deﬁnition of reserves varies from one source to
another, they are generally regarded as those portions of the
economically recoverable resources that are estimated to have
a speciﬁed probability of being produced.
The estimation of reserves is inherently uncertain as, regardless
of the calculation method used, data will be limited, it will not be
possible to speciﬁcally determine all required factors, and various
assumptions will be necessary. Reserve estimates are therefore
frequently given to three levels of conﬁdence namely: proved
reserves (1P), proved and probable reserves (2P) and proved,
probable and possible reserves (3P). These levels of conﬁdence
reﬂect the uncertainties which are an aspect of any normal reser-
voir evaluation.
Nevertheless, there is a large degree of variability in published
ﬁgures for a number of non-technical reasons and many potential
problems exist with the use of reserve data. The ﬁrst problem
occurs because the deﬁnitions of 1P, 2P and 3P reserves are found to
vary widely from one country to another and from one company to
another. Some sources employ a deterministic deﬁnition (that
certain qualitative criteria must be satisﬁed) while others use
a probabilistic deﬁnition (with estimates based upon a probability
distribution of resource recovery). A commonly used metric is the
SPE/PRMS in which 1P, 2P and 3P, reserve estimates are commonly
expressed as P90, P50 and P10 respectively [20].6
The 2P (P50) is equivalent to amedian estimate of reserves using
this interpretation, and it is the 2P reserve estimate only that is
suggested should be used when examining the global endowment
of conventional oil [21]. This sensible recommendation was based
on concerns that 1P reserve estimates did not correspond to the
precise statistical deﬁnition of P90, and because of the common, yet
statistically ﬂawed, practice of aggregating 1P estimates from the
ﬁeld to country to regional level.
Another uncertainty arises through the manner by which
sources produce their reserve data. The Oil and Gas Journal, for
example, generally produces data of proved reserves by distrib-
uting survey sheets to countries and asking for them to be
completed and returned [22]. The consistent absence of response
by some countries and the deﬁnitional variations between indi-
vidual countries discussed above mean that such data is system-
atically ﬂawed.
7 The plus and minus ﬁgures represent the volumetric difference between the
5th and 95th percentile estimates and the mean estimate respectively.
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liquids included in the reserve and production data of the reporting
sources. Different organisations group different categories into
their estimates, the Oil and Gas Journal for example includes
conventional crude oil, condensate, NGL, natural bitumen, extra-
heavy oil, and kerogen oil, while BGR reports conventional crude
oil, condensate and NGL [8]. While many data sources exist, few use
a consistent basis and so attempting to extract purely conventional
oil reserve estimates from the reserve ﬁgures available is difﬁcult.
A ﬁnal uncertainty concerns whether reported reserves include
any ‘Political reserves’ [23]. ‘Political reserves’ are reserves declared
by a country or company that correspond not to the reserves it
possesses but to those which it would like the rest of the world to
believe it possesses. There is particular and much reported concern
with the reserves declared by the member states of OPEC in its
Annual Statistical Review [24] as a major increase was witnessed in
the reserves of many OPEC countries between 1985 and 1990
despite no new discoveries being reported [7,10].
Some authors continue to agree with OPEC’s justiﬁcation for
this: that reserve assessments were previously under-reported and
required correcting [25]. The prevalent hypothesis however is that
member countries simply declared unrealistically high reserves in
order to obtain a higher production allowance when OPEC decided
in 1985 to set production quotas partly in accordance with
remaining reserves [4]. This viewpoint is supported by OPEC’s
continued declarations that reserves in its member countries have
been maintained at approximately consistent levels since this
jump, despite continuing production. This static data led the
International Energy Agency [26] to comment that ‘the level of
remaining reserves of oil has been remarkably constant historically, in
spite of the volumes extracted each successive year .The addition of
new reserves has therefore roughly compensated for consumption’,
a statement which has drawnmuch criticism [21]. The possibility of
OPEC reserve inﬂation is interpreted in different ways by analysts.
Some discount OPEC reserves by a large degree [6] for example
removes around 110 billion barrels (Gb) from Saudi Arabian
reserves, while others take them at face value [25].
In conclusion, there is widespread agreement, both amongst the
‘pessimists’ [21] and the ‘optimists’ [27], that estimates of global
remaining reserves should be made using 2P reserves and not 1P
reserves data. This is reasonable requirement, however we would
add that sources that report 1P reserves, which have made no
attempt to verify their data, which are based upon disparate and
uncertain deﬁnitions, that cannot be aggregated, and which prop-
agate the reporting of meaningless political reserves, are essentially
useless for the task of assessing the global endowment of oil.
3.3. Reserve growth
Reserve growth is deﬁned as ‘the commonly observed increase in
recoverable resources in previously discovered ﬁelds through time’
[28]. Reserve growth is found to occur for a variety of reasons:
(i) through the inclusion of new or revised data in reporting
agencies’ estimates, (ii) through reserve reporting deﬁnitions
changing, for example, the change that occurred in Russian reserves
after the collapse of the Soviet Union, (iii) through improvements
in, or the applications of new, production technologies, (iv) through
a better understanding of the reservoir geology, and (v) through
upward changes in oil prices leading to marginal ﬁelds becoming
economic or existing ﬁelds being utilised for longer. Reserve
growth is not in general estimated by assessing each of these
components individually but through the use of ‘reserve growth
functions’. Derived using a statistically signiﬁcant number of ﬁelds,
reserve growth functions are a functional form that predicts how
much ﬁelds will grow by in the years after they are discovered.The usefulness of reserve growth functions to predict future
reserve growth is debated however. Reserve growth functions can
vary considerably between ﬁelds of different sizes, ages, and
owners, ﬁelds in different regions, between onshore and offshore
ﬁelds, and by the date on which reserve growth function was
constructed [17,29].
An alternative approach is through individually examining
those elements that lead to increases in reserve estimates and
attaching a range of likely values to each. Changes to reserves due
to oil prices, could for example be examined by estimating the
volume of oil held in ﬁelds that have been discovered but left
undeveloped. Such ﬁgures are available from a variety of sources:
[30] reported that in 2002 there were 200 Gb of oil in discovered
undeveloped oil ﬁelds globally, IHS [31] reported that in 2007 there
were around 145 Gb, of which 73% were commercially viable at oil
prices of $40 and above, while the IEA [7, page 257] reported that
there were 257 Gb in 2008.
While some authors ignore reserve growth entirely when
examining the global oil endowment [6,10], substantial reserve
growth does appear to have been experienced throughout the
world [1]. Nevertheless, the above problems concerning the use of
reserve growth functions do appear to be wide ranging and valid,
and questionsmust be asked of their usefulness.We hence consider
in conclusion that given the inherent ambiguity introduced
through the use of reserve growth functions, it is preferable when
examining reserve growth to estimate ranges for the individual
elements that it encompasses.
3.4. Undiscovered oil
Yet-to-ﬁnd or undiscovered resources can be deﬁned as
resources that are ‘postulated from geologic information and theory
to exist outside of known [or discovered] oil and gas ﬁelds’. [14]. As
mentioned above, various procedures can be used to estimate the
resources and hence the undiscovered oil within a country or
region, but this remains an uncertain task. Different methods
place emphasis upon different parameters, which can signiﬁcantly
affect the volumes of undiscovered oil that are estimated to exist,
or authors can exclude certain types of oil from their estimates
([6] for example). There are additional problems associated with
the estimation of undiscovered resources in regions for which
there is no production history. The largest region with this char-
acteristic, the Arctic, is therefore considered separately in Section
3.5 below.
The most comprehensive and best described dataset for undis-
covered oil was provided by the USGS in its 2000 World Petroleum
Assessment [14], in which it quantitatively assessed a total of
246 geological areas. The procedure to determine undiscovered
resources for an individual geological area involved a combination
of geological assessments and discovery processmodelling. There is
considerable debate surrounding these USGS estimates however. A
number of authors [10,32] have attacked the USGS ﬁgures as being
too optimistic about future discoveries, while others indicate that
the USGS mean estimates were ‘spot on’ [33]. The 2000 USGS global
estimate for crude oil and NGL was 724þ478330 Gb and 215
þ173
114 Gb
7 for
crude oil and NGL respectively, while a more recent global assess-
ment in 2012, reduced these mean ﬁgures to 592 Gb crude oil and
175 Gb NGL [34,35].
The estimates from these assessments are signiﬁcantly higher
compared to most other independent sources however. Estimates
from BP, Energyﬁles, Miller, Melling and Total (all reported by [36])
Table 1
Technically recoverable shale gas and light tight oil resources in a number of areas.
The Polish Geological Institute [47] provided ranges for light tight oil and shale gas
and so we include here both the highest and lowest ‘most probable’ estimates for
onshore regions. The shale gas estimate for the US (ex-Alaska) is taken from [44].
Country Light tight oil (Gb) Shale gas (Tcm) Ratio (Gb\Tcm)
C.E. McGlade / Energy 47 (2012) 262e270266are relatively consistent at around 280 Gb, although unfortunately
no real indication of the methods used to generate their estimates
is provided. The largest estimate comes from [2] which suggests
a mean undiscovered volume of 1532 Gb for crude oil and NGL
combined, although the methodology employed to generate this
estimate has faced criticism since there appears to be a large degree
of double counting [37], while the smallest estimate comes from [6]
which estimates 108 Gb for the undiscovered portion of their very
narrow deﬁnition of ‘regular conventional oil’.
It is clear from the ranges in these ﬁgures that there is inherent
uncertainty in the volumes of undiscovered oil estimated to exist
purely on the basis of the reporting agency and methodology used.
Detailed and objective reviewing of each of the sources’ methods
and results is rare however and further work is therefore required
by these agencies to determine why such a range exists and
whether it can be narrowed.
3.5. Arctic oil
As mentioned above, we consider Arctic oil separately from
undiscovered oil as there is no production history on which to base
estimates but also because most of the above assessments do not
include Arctic oil in their global undiscovered oil volumes. There
are two major uncertainties arising in the estimates of Arctic oil.
The ﬁrst uncertainty is how to deﬁne the term ‘Arctic oil’ as
numerous deﬁnitions exist [38]. The most often used deﬁnition, all
oil further north than 66 N, does not allow one to distinguish
between the oil currently being produced commercially at latitudes
greater than 66 N, and that which is currently undiscovered and
which will likely have very different production costs. This is
therefore a fairly arbitrary and unhelpful deﬁnition. It is more
sensible to differentiate between expensive Arctic resources and
resources within the Arctic Circle that can be produced at similar
costs to other (offshore) resources.
The second uncertainty results from the comparative scarcity of
assessments. There have been only two major assessments of
undiscovered oil within the Arctic regions, one undertaken by
USGS, in its Circum-Arctic Resource Appraisal [39], and the other by
Wood Mackenzie (reported by [40,41]). While these are both
important contributions to a greater understanding of the global oil
endowment, they give very different estimates. The USGS indicates
that there is about 134 Gb undiscovered oil, including NGL, while
Wood Mackenzie estimated a much lower ﬁgure of 43 Gb.8
These different ﬁgures arise because Wood Mackenzie excluded
resources it judged to be uneconomic while the USGS included all
resources regardless of economic potential. It could therefore be
argued that the estimate by USGS provides a better estimate of the
RURR (equivalent to the URR here since no production has yet taken
place) for Arctic oil, however it is important to realise that this
estimate likely includes oil that is never going to be economically
producible and so will be higher than the resource that could be
considered truly ultimately recoverable. The two ﬁgures should
therefore be considered in conjunction, with Wood MacKenzie’s
estimate providing a lower bound and USGS’s estimate an upper
bound on the RURR of the Arctic.
3.6. Light tight oil
The rapid development of shale gas resources in the United
States has also led to increasing interest in the availability of light8 Wood Mackenzie combines oil and gas data, but it is reported that it suggested
a total of 166 Gb of oil equivalent (BOE), of which 74% was gas, i.e. 26% or 43 Gb was
oil [41].tight oil. There have never been any publically available global
estimates made of its potential however: even the pioneering work
of Rogner [42], who estimated the original hydrocarbons in place
for nearly all other categories of hydrocarbons, did not include an
examination of light tight oil resources. Since it is now technically,
and, in parts of the United States at the least, commercially
producible, we consider estimates of the potential magnitude of
light tight oil should now be incorporated into all future
assessments.
By adapting a methodology used by Rogner, we can attempt to
provide a ﬁrst level estimate its potential. To generate his estimate
of shale gas, Rogner noted simply that: ‘the ratio of the US estimates
for natural gas from shale formations to the in-place shale volume was
used as a guide to calculate the regional natural gas resource from
fractured shale resource potentials.based on the assumption that
shale oil occurrences outside the United States also contain the US gas
value of 17.7 Tcf/Gt [Trillion cubic feet/gigatonne] of shale-in-place’.
We adapt this method by taking the ratio of current estimates of
technically recoverable light tight oil and shale gas resources in
regions for which estimates have been made and using these as
analogues in regions for which no assessments have been carried
out. The use of estimates of technically recoverable light tight oil
instead of ultimately recoverable light tight oil is necessary since no
estimates of the URR for light tight oil have yet been made: the
estimates generated will therefore likely underestimate the light
tight oil URR as future technological change will likely increase the
volumes of light tight oil recoverable.
It could be argued that a more appropriate ratio to use would be
of light tight oil to shale gas in place, however given the methods
used by many organisations to generate estimates of recoverable
shale gas, this value is often not calculated. In addition, those
organisations that do give shale gas in place indicate that the ratio
of shale gas in place to shale gas TRR depends upon the mineralogy
of the shale, the reservoir properties, and the geologic complexity
of the rocks [43]. These factors will also likely affect the recovery of
light tight oil and so we consider shale gas TRR to be a more
appropriate metric for this estimate.
We use the shale gas TRR estimates provided by [44] which
contains a range of estimates of the technically recoverable shale
gas resources within a number of global regions based upon the
authors’ judgement of current best estimates. For the ratios of light
tight oil to technically recoverable shale gas resources, we use data
from the four publically available assessments that have beenmade
to date of light tight oil in Alaska [45], Uruguay [46], Poland [47],
and the US (ex-Alaska) [48], a summary of which are presented in
Table 1. The Polish Geological Institute [47] provided ﬁgures for
both off and onshore regions separately, but since all other studies
reviewed in [44] examined onshore regions only, we take the
onshore ratios only from this report.
Table 2 provides a summary of these resources and hence esti-
mates of the ranges of light tight oil in each region. We assume
perfect correlation between the ratios and the volume of shale gas
present; high estimates of light tight oil for example are thereforeAlaska 1.42 1.15 1.23
Poland e high 0.74 0.62 1.20
Poland e low 0.36 0.23 1.55
Uruguay 0.51 0.38 1.34
US (ex-Alaska) 23.9 20.0 1.20
Table 2
Estimates of technically recoverable resources of shale gas taken from [44], and,
using the ratios in Table 1, the ranges of technically recoverable light tight oil based
on an adapted method used by Rogner. Regions or countries without high and low
shale gas estimates use the central ﬁgure for all estimates of light tight oil. ‘CSA’ is
Central and South America, ‘CIS’ is the Commonwealth of Independent States, ‘MEA’
is the Middle East, and ‘ODA’ is Other Developing Asia.
Region Shale gas (Tcm) Light tight oil (Gb)
High Central Low High Central Low
Africa 30 46 38 35
Australia 6 10 8 8
Canada 28 13 5 44 16 6
CSA 35 54 45 42
China 40 21 2 62 28 2
CIS 61 32a 3 95 42 3
Europe 16 25 21 19
India 2 3 2 2
Mexico 12 18 15 14
MEA 29 16a 3 45 21 3
ODA 22 12a 1 34 15 2
US 47 20 13 74 26 16
Global 508 278 151
a No central estimate was provided for technically recoverable shale gas
resources, so the mid-point was used for the central estimate.
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shale gas resource in that region.9 This is likely an over simpliﬁ-
cation of reality but considered to be sufﬁcient for this simple
analogy approach to light tight oil resource estimation.
On this basis, we estimate there to be between 150 and 508 Gb
technically recoverable light tight oil globally with a central esti-
mate of 278 Gb. All of these ﬁgures are extremely uncertain given
the relative novelty of shale gas extraction and so should be
interpreted with considerable caution.4. Unconventional oil
Three key factors are required to determine the URR of uncon-
ventional oil: the original oil in place (OOIP), the percentage of this
that is estimated to be recoverable (the recovery factor), and,
particularly important when comparing volumes of conventional
and unconventional oil, the volumetric loss that occurs when
upgrading the low quality oils to a standard more equivalent of
conventional crude oil. In the previous section, we considered the
remaining ultimately recoverable resources i.e. with cumulative
production subtracted from the URR. For the unconventional oils,
cumulative production is very small relative to the size of the
potential resources and so RURR andURR are essentially equivalent.
There are three major deposits for each of the unconventional
oils in Canada, Venezuela and the United States. These are analysed
ﬁrst as most information is available for the sizes of deposits and
production technologies within these countries.4.1. Natural bitumen
As mentioned above, natural bitumen is herein deﬁned as oil
with density <10 API and viscosity <10,000 cP. Bitumen from
Canada’s oil or tar sands is currently produced by two means:
surface open-pit mining and in situ processes. It is best to assess oil9 For some regions, a range or a central estimate of technically recoverable shale
gas resources could not be developed due to an absence of sufﬁcient information
[44]. We therefore use the mid-point of high and low estimates for those regions
without a central shale gas estimate, and the central shale gas estimate for the high,
low and central light tight oil estimates in those regions without a high and low
estimate.that can be accessed by these two technologies separately rather
than combine the two, partly because mining can only access
bitumenwhich is encountered up to around 65m below the surface
while in situ methods can access oil found much deeper, and partly
because the recovery factors (and costs) for both operations are
different [49]. The Energy Resources Conservation Board (‘ERCB’)
[49] is the only source that provides any distinction between the oil
in place that is accessible by mining, 131 Gb, and that by in situ
methods, 1673 Gb however.
The uncertainty in OOIP can be seen though the annual updates
released by the ERCB. For in situ bitumen areas, updates to certain
parameters, in particular the minimum saturation of bitumen,10
have removed around 310 Gb since 2005, but at the same time
information from ‘new drilling’ has added around 460 Gb. Similar
historical reductions have also occurred in the past for mineable
bitumen. For other natural bitumen deposits around the world, the
only comprehensive database available is provided by the USGS
[50].
The recovery factors for natural bitumen can be examined by
looking at the technologies that are currently employed and those
that might be available in the future. Surface mining technology is
well established and unlikely to improve in the future, yet sources
indicate that the recovery factor can still vary between 41% and 87%,
as some of the OOIP may not be accessible for example due to
excessive overlying material [49,51,52].
There are numerous technologies that can be used to produce oil
by in situ means, the recovery factors of which vary enormously.
Steam Assisted Gravity Drainage, a technology involving pumping
steam into a horizontal well and collecting the heated and loosened
bitumen from a parallel lower horizontal well, has recovery factors
that are reported to range from 30% to 70% [51,53,54], Cyclic Steam
Stimulation is reported to have a range of 10e35% [51,55], while
more novel technologies such as Toe to Heal Air Extraction are
estimated to have recovery factors closer to 80% [52,56]. The range
of both technologies available and in their reported recovery factors
represent a large area of uncertainty particularly when estimates of
the OOIP are so large.
There will also be losses associated with the upgrading of
natural bitumen to a form more similar to conventional oil
(‘synthetic crude oil’). These losses do not include the energy
costs of transport and upgrading, rather the loss in volume that
occurs though the extraction of carbon molecules from the
hydrocarbon chains as they are converted to lower densities. In
order to provide an equal basis to compare the RURR of the
conventional and unconventional oils, this loss must be taken into
account. On a production weighted average for the ﬁve upgrading
facilities in Alberta, the upgrading process produces 0.863 barrels
of synthetic crude oil for every barrel of bitumen with relatively
little variation [49].
4.2. Extra-heavy oil
The main publically available geological surveys carried out
examining the OOIP of extra-heavy oil in Venezuela have been
performed by PDVSA (Petroleos de Venezuela S.A.). In 1987, PDVSA
estimated that there was 1180 Gb OOIP but revised this in 2006 to
a median value of 1300 Gb, a maximum of 1400 Gb and minimum
of 900 Gb [57]. A very different ﬁgure for oil in place is provided by
[50], which reports an OOIP of 2111 Gb of which 1924 Gb had been
discovered up to 2010. Unfortunately, no detail is given as to how
these two ﬁgures were derived.10 The saturation is deﬁned as ‘the percentage of bitumen relative to the total mass
of the oil sand’ [49].
Fig. 1. Relationship of kerogen oil in place against cut-off yield. Purple points come
from the US department of energy [58]; red crosses come from [59e61]. (For inter-
pretation of the references to colour in this ﬁgure legend, the reader is referred to the
web version of this article.)
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1300 Gb is likely to be the better estimate. The only comprehensive
database available for other extra-heavy oil deposits around the
world is provided by the USGS [50].
At present, all Venezuelan extra-heavy oil is produced using
a primary recovery method called ‘cold’ production. Wells are
placed in speciﬁc areas predicted by geological tests to be optimum
for oil recovery and artiﬁcially pumped. This pumping creates
a pressure differential and encourages the heavy oil to ﬂow towards
the wellbore in a similar manner to production from conventional
wells. Horizontal and multi-lateral wells11 can also be used to
increase the recovery factor. Ranges for the recovery factors of cold
production are 5e12% [12,50,57], which, with horizontal andmulti-
lateral wells, could rise to around 1015% [51,57]. It is likely that
Venezuela will start to employ one or more of the in situ methods
that have proved successful in Canada however as these present an
opportunity for much higher recovery factors, rates of production,
and commerciality [12,57].
Similarly to losses from upgrading natural bitumen, there are
losses associated with the upgrading of extra-heavy oil to a more
useful form. Yields of between 0.87 and 0.95 are reported when
producing synthetic crude oil from extra-heavy oil [50].4.3. Kerogen oil
Kerogen oil is the least developed of the three unconventional
oils. A key feature of estimating the kerogen oil in place is the cut-
off yield of the rock containing the kerogen. The yield of a rock is
the volume of kerogen oil produced per ton of rock required, is
usually expressed in litres/metric ton (l/t), and is generally reported
using the Fischer assay method of kerogen oil production.12 A high
quality oil shale would, for example, give 200 l of raw kerogen oil
for every ton of oil shale while one of low quality could yield less
than 25 l [13].
The Green River Formation, the largest global deposit of kerogen
oil, has been the focus of many geological appraisals [58]. The USGS
recently reassessed its place resources, indicating that with no cut-
off of kerogen oil quality (i.e. a yield close to 0 l/t), there is a total of
4284 Gb in the three geological provinces that make up the
formation [59e61]. With a cut-off yield of 62 l/t, USGS data indi-
cates that kerogen oil in place decreases to around 1303 Gb.13 Fig. 1
uses this new data to update a graph ﬁrst produced by [58], with An
exponential curve providing an R2 value of 0.994.
The problem for estimating kerogen OOIP is therefore
predominantly in the choice of a suitable cut-off yield. The cut-off
yield used by Dyni [13] in his assessment of the kerogen oil
resources of 38 other countries worldwide was 40 l/t, but he re-
ported that authors have used different cut-offs varying from
around 25 l/t up to 100 l/t. These values correspond to a range of
kerogen oil in the Greater Green River of 1450 Gb, 1850 Gb, and
770 Gb respectively. This range of around 75% of the central esti-
mate represents a huge uncertainty in the OOIP even for the best
studied kerogen oil deposits, but results entirely from uncertainty
over choice of a suitable cut-off yield.11 Multi-lateral wells consist of a number of smaller ‘daughter’ wells branching off
a large central ‘mother’ well.
12 Use of different retorting technologies can result in very different volumes of
kerogen oil being yielded from the same mass of oil containing rock. In order to
provide a consistent basis the industry therefore adopted as standard the stand-
ardised laboratory Fischer assay method of extracting kerogen oil.
13 Data for a cut-off yield of 62l/t is given explicitly for the Greater Green River and
Piceance Basins (920 Gb and 133 Gb respectively). In the Utica basin however, we
infer an estimate of 250 Gb from the data provided by the USGS indicating the
ranges of yields within certain disaggregated areas.There is however just as large an uncertainty over the choice of
recovery factor. There are two methods of recovering kerogen oil
from the rocks in which it is contained: mining followed by surface
retorting or in situ methods of heating.
Mining and surface retorting is capable of recovering as much as
4580% of the oil in place depending on themethod of mining used
[62], although wider ﬁgures of 29e100% have been reported for
a representative deposit [63]. Nevertheless, estimates suggest that
around 80% of the resources within the Piceance Basin have more
than 150 m of overburden, more than double the cut-off depth of
65 m for Canadian oil sands mining [64]. The prospects for mined
oil shale may therefore be relatively limited.
For in situ production it is reported that ‘Usually, estimates of
recoverable resources are based on an analysis of the portion of the
resources in place that can be economically exploited with available
technology. Because oil shale [kerogen oil] production has not been
proﬁtable in the United States, such estimates do not yield useful
information’. [[64], pg. 5].
Some sources have nevertheless attempted to estimate the
ultimately recoverable resources for kerogen oil. Biglarbigi et al.
[65] indicate that there is 675 Gb of recoverable resource from
a ‘high quality’ OOIP (which we assume means a cut-off of at
around 40 l/t) in the United States of 2000 Gb. This corresponds to
a recovery factor of 33%. A range of recovery factors is reported in
[64] with an upper bound of 60% and a lower bound of 30%. This
upper bound seems very high for what are essentially unproven
technologies with uncertain economics.
Finally, kerogen oil only requires a simple hydrotreating process
to remove impurities, which results in a premium quality oil better
than most conventional crude oils [66]. Therefore, although
signiﬁcant losses occur in producing kerogen oil from the rock,
there are insigniﬁcant further losses in upgrading this to a synthetic
crude oil.5. Conclusions
1. The variation in terminology and deﬁnitions between different
reporting agencies or sources of estimates of the remaining
ultimately recoverable resources of oil (RURR) represents one
of largest, and most easily resolved, issues when examining the
global RURR. Careful and explicit reference both to the type(s)
of oil being investigated and the resources which are being
assessed, and/or reference to a standard form are important.
2. It was found that disaggregating the encompassing terms ‘oil’,
‘conventional oil’, and ‘unconventional oil’ into the numerous
categories that exist within each and investigating these
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that affect each resource category.
3. The uncertainties that exist in estimating and assessing oil
reserves are well understood, and both those who consider
a near-term peak in global oil production likely and those who
do not are in agreement that the use of proved and probable
reserves over proved reserves can mitigate many of the
uncertainties associated with reserve estimation. There remain
problems however over the inclusion of differing categories of
oil and of ‘political reserves’.
4. Less well understood is the potential contribution of reserve
growth to the global oil endowment. Reserve growth functions
have been found to vary too much to be of much use when
projecting the potential in many areas. It is more appropriate to
examine the individual componentsof reservegrowth including:
improvements in, or the applications of new, production tech-
nologies, better understanding of reservoir geology, and upward
changes in oil prices leading to marginal ﬁelds becoming
economic or existing ﬁelds being utilised for longer.
5. The potential for undiscovered, and in particular undiscovered
Arctic oil, remains controversial with the most often cited, and
best explained, estimates made by the USGS signiﬁcantly
higher than estimates made by most other groups or individ-
uals. Further work is required to investigate the reasons for this
divergence.
6. Light tight oil has never previously been investigated on
a global scale. This category of oil is however now currently
being produced commercially and should be included in all
future assessments of the RURR of oil. Based on an adapted
method of Rogner, an initial estimate was also made of the
technically recoverable resources of light tight oil. These
resources are estimated to range on a global scale between 150
and 508 billion barrels with a central estimate of 278 billion
barrels.
7. Three ﬁgures are required to estimate the RURR of the three
principle sources of unconventional oil (herein referring to
natural bitumen, extra-heavy oil, and kerogen oil): the original
oil in place (OOIP), the percentage of this that is estimated to be
recoverable (the recovery factor), and the loss in volume that
occurs when upgrading the low quality oils to a standard more
equivalent to conventional crude oil. Cumulative production of
the unconventional oils is small so that RURR and URR are
nearly equivalent. The three major deposits of these uncon-
ventional oils have been examined in the most detail and large
uncertainties in the OOIP exist for areas outside these deposits
due to an absence of a wide range of studies.
8. The largest deposit of natural bitumen is in Canada. Its OOIP has
been examined on a number of occasions and appears to show
relative consistency. Similarly, the loss of oil from upgrading is
reported to be largely homogeneous. However, much larger
uncertainties exist in the recovery factor, despite the long
history of production. Different technologies, with vastly
different recovery factors can be used to produce the oil, and
estimates of the recovery factor of a single technology vary
widely between sources.
9. Only one detailed report, carried out by the Venezuelan
national oil company (PDVSA), examining the OOIP of extra-
heavy oil in its largest deposit is available publically. As with
natural bitumen, recovery factors of the extra-heavy produc-
tion technologies currently used are not well established, and
while similar technologies to those used in Canada will likely
be employed in the future, this is currently uncertain.
10. Equally less well understood is the OOIP of kerogen oil in its
largest deposits in the United States. While the OOIP displays
an exponential dependence on the cut-off yield of oil froma givenmass of rockwith an R2 value of 0.994, the choice of cut-
off yield is found to alter signiﬁcantly the estimated OOIP. A
reasonable range of cut-off yield results in kerogen OOIP
ranging from 1850 Gbe770 Gb, with the most likely volume
around 1450 Gb. No production history exists and estimating
recovery factors for kerogen oil is currently somewhat
speculative.
11. There are intrinsic uncertainties within every category of oil
discussed, some of which are unlikely to be resolved. Future
assessments of global oil resources and projections of oil
production should always acknowledge these issues, discuss or
assess the effects of these uncertainties on results, and present
ranges in any estimates produced or provided.
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